Alcohol-related cues may induce relapse to heavy alcohol drinking and promote molecular adaptations in discrete brain regions. An exact nature of these molecular alterations is still unknown. In the present study, rats trained to self-administer ethanol were tested for cueinduced reinstatement of ethanol seeking after 30 days of abstinence. Next, a detailed immunocytochemical analysis of c-Fos activation was performed within seven nuclei of the amygdala. In the second experiment, c-Fos activation after reinstatement of ethanol seeking induced by discrete cues was compared with the activation pattern of its putative partner (c-Jun) and regulators (extracellular signalregulated kinases and c-Jun N-terminal kinases). Reexposure to ethanol-associated context cues (an extinction session) potentiated c-Fos expression within the basolateral and central amygdala. Repeated presentation of ethanol-associated discrete cues in an extinction/ reinstatement session led to even stronger c-Fos activation in the latter nuclei. In the second experiment, reexposure to the ethanolassociated context and discrete cues activated both c-Jun and extracellular signal-regulated kinases (ERK1/2) in the basolateral amygdala. Our observations suggest that the basolateral and central amygdala may be specifically involved in alcohol-seeking behavior induced by discrete cues.
INTRODUCTION
Relapse to heavy alcohol drinking, even after long periods of abstinence, is a major problem in the treatment of alcohol addiction. Many studies have indicated that passive exposure to alcohol-or drug-associated environmental cues may elicit alcohol/drug-seeking behavior in human addicts after weeks or months of abstinence (Drummond et al, 1990; George et al, 2001) . In line with clinical data, ethanol is a strong reinforcer for laboratory animals (Samson et al, 2000) , and alcohol-associated cues elicit drug-seeking behavior in animals trained to self-administer alcohol, even after protracted abstinence (Shalev et al, 2002; Wedzony et al, 2003; Bienkowski et al, 2004) . It has been postulated that both gene expression and protein synthesis are responsible for the persistent nature of addiction and the occurrence of relapse (Tran-Nguyen et al, 1998; Berke and Hyman, 2000; Shaham et al, 2000) . Thus, the identification of brain circuits and molecular processes associated with cue-induced relapse to drug-seeking behavior seems to be crucial for understanding addiction processes (Asan, 1998; Shaham et al, 2003) .
There are multiple transcription factors which can be activated in the brain by drugs of abuse or drug-related stimuli, but only a few, including the AP-1 complex, have been shown to be involved in addiction. The AP-1 transcription factor is a complex of Fos and Jun proteins, known to regulate the broad spectrum of neuronal plasticity-related genes (Kaczmarek, 1993; Rylski and Kaczmarek, 2004) . It has been shown that c-Fos expression is induced in the amygdala after reexposure to drug-related stimuli (Brown et al, 1992; Neisewander et al, 2000; Ciccocioppo et al, 2001) . The upstream regulators of this event are mostly unknown although possible candidates are extracellular signal-regulated kinases (ERK) which have been found to control c-fos expression in many experimental paradigms (Sgambato et al, 1998; Radwanska et al, 2005) . Furthermore, ERKs have been shown to be activated in the central amygdala (CeA) after cue-induced relapse to cocaine seeking and inhibition of ERKs in the CeA decreased cocaine seeking after drug withdrawal (Lu et al, 2005) . All these observations suggest that molecular alterations in the amygdala may be involved in cue-induced relapse to drug seeking (Grimm and See, 2000; Yun and Fields, 2003) . However, the activation of transcription factors and signaling cascades in the amygdala has never been analyzed in detail in animal models of relapse to alcohol seeking. Furthermore, the careful molecular dissection of multiple nuclei of the amygdala has never been performed in the context of cueinduced relapse to alcohol seeking in animals trained to self-administer ethanol solution.
A better understanding of environmental factors (eg discrete or context alcohol-associated cues) that contribute to alcohol relapse, as well as molecular basis of this phenomenon, would be of substantial clinical benefit. Given the above, the purpose of the present study was to investigate the molecular correlates of alcohol relapse induced by discrete cues in rats trained to lever press for ethanol. In the first experiment, we examined the pattern of c-Fos protein activation within seven nuclei of the amygdala after reexposure to alcohol-associated context or context + discrete cues following 30 day of abstinence. This time point was selected on the basis of our previous finding that alcohol seeking increased with time and was more intense after 30 days than after 24-h withdrawal (Bienkowski et al, 2004) .
The second part of the study was designed to confirm that the observed c-Fos expression in specific amygdaloid nuclei (which was the strongest in the group exposed to the context and discrete cues) could be functional, ie might lead to AP-1 complex formation and subsequent changes in gene expression. For this aim, we analyzed the activation pattern of c-Jun, as well as ERKs (ERK1 and 2) and c-Jun Nterminal kinases (JNK1 and 2), ie protein kinases known to regulate the expression of c-fos and phosphorylation of c-Jun, respectively (Gupta et al, 1996; Sgambato et al, 1998) .
MATERIALS AND METHODS

Subjects
Male Wistar rats weighing 330-360 g at the beginning of the study were housed 2 per standard plastic cage in a room with controlled environmental conditions: temperature of 22 ± 11C, B60% humidity and a 12 h: 12 h light-dark cycle (lights on at 6 am). The animals were supplied by a breeder (Medical Research Center, Polish Academy of Sciences, Warsaw, Poland) 14 days before the start of behavioral procedures. Unless otherwise stated, standard laboratory chow (Labofeed H, WPiK, Kcynia, Poland) and tap water was available ad libitum. Rats were handled for 1 min and were weighed at least twice a week before and after the start of behavioral procedures.
All procedures used in the present study were in full accordance with the ethical standards laid down in respective European (directive no. 86/609/EEC) and Polish regulations. All efforts were made to minimize animal suffering and to reduce the number of animals used.
Drugs
Ethanol solutions were prepared daily from a 96% stock solution (Rectified Spirit; Polmos, Zielona Gora, Poland) and tap water. Unless stated otherwise, all chemicals for immunocytochemistry were purchased from Sigma-Aldrich (St Louis, MI, USA).
Self-Administration Apparatus
Some rats (see Table 1 ) were trained to respond for ethanol. Lever pressing for ethanol was studied in eight identical chambers (Coulbourn Inc., Allentown, PA, USA). The chambers consisted of stainless-steel test cages (E10-10TC, Coulbourn; Skinner boxes) enclosed within sound-attenuating cubicles with fans for ventilation and background white noise (for details, see Bienkowski et al, 1999; Bienkowski et al, 2004) . A white house light was centered near the top of the front wall of the cage. The start of each session was signaled by turning the house light on. The cage was also equipped with two response levers separated by the liquid delivery system (the liquid dipper; E14-05, Coulbourn). The liquid dipper and the response levers were mounted on the front wall of the cage, 4 cm above a stainless-steel grid floor. It was assumed that the interior space of the cage provided a set of context cues associated with alcohol self-administration. 
Experimental animals were divided into seven groups (n ¼ 3-6 rats) with different history of self-administration and reinstatement. During the self-administration phase, the alcohol rats were trained in the Skinner boxes to lever press for 8% ethanol. The boxes provided both context and discrete alcohol-associated cues. The control animals were always exposed to the same stimuli but were never trained to lever press for any reward and had no access to alcohol. The naive animals were always kept in their home cages and were only occasionally handled. During the final test session, the animals were exposed either to short handling ('nothing'), handling and the Skinner boxes ('extinction') or handling and alcohol-associated discrete cues in the Skinner boxes ('reinstatement'; see Figure 1a for other details).
Only one lever (the active lever) activated the liquid dipper. Presses on the other lever (the inactive lever) were recorded but had no programmed consequence. The location of the active lever (left or right) was randomized across all the alcohol subjects. The liquid dipper presented alcohol solution in a volume of 0.1 ml for 5 s and provided a set of discrete alcohol-associated cues, ie a brief audible click and white stimulus light (4 W) located inside the liquid dipper hole. The stimulus light was on during the entire 5-s dipper activation. After that time, the liquid dipper and its stimulus light was switched off. Programming of every experimental session as well as data recording was made using the L2T2 Software package (Coulbourn) running on an IBM-compatible PC.
Behavioral Procedure
The rats were trained according to the procedure described by Bienkowski et al (2004) . This procedure consisted of four phases: initiation, alcohol self-administration, abstinence and reinstatement (see Figure 1a ).
Initiation and maintenance of ethanol self-administration. Rats were trained to respond for an ethanol solution according to the sucrose-fading procedure (Samson, 1986; Bienkowski et al, 1999) . All self-administration sessions lasted 30 min and one session was given each day between 2 and 5 p.m. At the beginning of the initiation phase, the rats were deprived of water for 22 h/day and shaped to lever press for 8% (w/v) sucrose solution on the FR1 schedule of reinforcement. As soon as lever pressing was established, ie after 1-4 days of training, water started to be freely available in the home cages. Starting on day 5 of training, the alcohol group received 2% (w/v) alcohol-8% (w/v) sucrose. Then, over the next 8-10 sessions alcohol concentrations were gradually increased from 2 to 8% and sucrose concentrations were decreased from 8 to 0%. Rats from the alcohol group were allowed to stabilize their 8% alcohol consumption in a self-administration phase which lasted 30 days.
The control rats (Table 1) were deprived of water according to the identical schedule as the alcohol group but were never trained to lever press for any solution. The control group was introduced to control for the effect of non-specific stimulation with the context and discrete cues. Each control rat was paired ('yoked') with one alcohol rat. The control rats received the same handling and stimulation but never received any ethanol solution. The liquid delivery system in the control rat's cage was activated each time the respective rat from the alcohol group pressed the active lever and gained access to ethanol. The liquid dippers in the control cages presented the same discrete stimuli but were always filled with tap water. Responses emitted by the control rats were recorded but had no programmed consequences. In addition, we used a group of naive rats which were exposed to handling only. These rats stayed in their home cages during the whole experiment and were occasionally handled (1 min twice a week) (see Table 1 for the experimental groups and Figure 1a for the experimental procedure).
Abstinence period. After the 30-day self-administration phase, all animals were subjected to 30 days of forced abstinence. During the abstinence phase, the animals stayed in their home cages and did not receive any training but were handled for 1 min twice a week. During the last week of abstinence, the rats were handled daily for 1 min and received an i.p. injection of saline (0.5 ml) to habituate them to this procedure before the final anesthesia with an i.p. injection of chloral hydrate.
Final test session after 30 days of imposed abstinence. On the final test day, the alcohol and control rats were randomly assigned to one of three experimental groups: nothing, extinction or reinstatement (see Figure 1a and Table 1 ). The nothing group was briefly handled (1 min) and anesthetized 30 or 90 min later. The rats from the extinction group (ie alcohol/extinction and control/extinction rats) were exposed for 30 min to the Skinner boxes where they had previously been trained during the self-administration phase. Lever pressing had no consequences and thus the extinction group received no alcohol and was not exposed to the discrete cues. The animals were anesthetized 30 or 90 min after the start of the extinction session.
The reinstatement group went through the extinction/ reinstatement procedure (Bienkowski et al, 1999 (Bienkowski et al, , 2000 . The animals were exposed for 30 min to the Skinner boxes where they had previously been trained during the self-administration phase. During the first 20 min, the liquid delivery system was off and the animals received neither alcohol nor were exposed to the discrete cues (an extinction phase). For the last 10 min of the session (a reinstatement phase), the alcohol-associated discrete cues were repeatedly delivered (15 Â 7.5 s) according to a random time (RT) 15 s schedule. The stimulus complex included the audible click and the white light illuminated inside the liquid dipper hole. During the reinstatement phase, the dipper cup was filled with water. The animals were anesthetized 30 or 90 min after the start of the final test session.
Seven experimental groups were used in the first experiment: the alcohol/nothing (n ¼ 3), alcohol/extinction (n ¼ 5), alcohol/reinstatement (n ¼ 6), control/nothing (n ¼ 3), control/extinction (n ¼ 4), control/reinstatement (n ¼ 6), and naive group (n ¼ 6), ie rats with no training experience (see Table 1 ). The alcohol/nothing and control/ nothing group showed marginal c-Fos expression and this finding confirmed our previous observations (Wedzony et al, 2003) . Given the above, the two groups were pooled. The nothing animals and extinction animals were not included in the second experiment (in which the possible partners and regulators of c-Fos were analyzed).
Immunocytochemistry
Immunocytochemical procedures were based on those described previously by Radwanska et al (2005) . All animals were anesthetized (350 mg/kg of chloral hydrate, i.p.) 30 or 90 min from the onset of the final test session and perfused for 1 min with ice-cold saline with 0.05% NaF followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for 15 min. Brains were removed from the skull and post-fixed in the 4% PFA solution for 24 h at 41C. The brains were frozen on dry-ice and stored at À701C until further processing. Coronal brain sections (30 mm) were cut with a cryostat (Leica, Nussloch, Germany) at Figure 1 General design of the study (a) and alcohol-seeking behavior during the final test session (b, c). (a) The experimental procedure consisted of the initiation phase, self-administration and abstinence periods, and ended with the final test session. During the final session, the animals were reexposed to the alcohol self-administration context ('context', the extinction group) or context and discrete cues ('cue') according to the within-session extinction/ reinstatement paradigm (the reinstatement group). No alcohol was available during the final session. The animals were anesthetized and perfused 30 (for P-extracellular signal-regulated kinases (ERK), P-c-Jun, and P-JNK immunostaining) or 90 min (for c-Fos immunostaining) from the beginning of the final test session. k indicates anesthesia. For other details, see Materials and Methods and Table 1 . (b) Mean (±SEM) number of non-reinforced responses on the active ('A') and inactive ('IA') lever during the last week of alcohol self-administration and during the final test session (the extinction session) is shown for the alcohol and control rats from the extinction group. The alcohol rats were trained to press the active lever for 8% ethanol and were reexposed to the alcohol self-administration context after 30-day abstinence. During the final session, alcohol was not available. The control animals were always exposed to the same stimuli but were never trained to lever press for any reward and had no access to alcohol. A: active lever (the alcohol rats received portion of alcohol during self-administration phase if pressed that lever). IA: inactive lever (pressing that lever had no programmed consequences). Note that non-reinforced responding on the previously active lever was limited to the alcohol/extinction rats (Table 1) . Data were analyzed with a mixed factor ANOVA with repeated measures on time (for the alcohol animals: effect of time: F(2, 36) ¼ 54.23, po0.001; effect of lever: F(1, 18) ¼ 38.27, po0.001); for the control animals: effect of time: F(2, 28) ¼ 10.03, po0.05; effect of lever: F(1, 14) ¼ 1.28, p40.05); ***po0.001 alcohol vs control, Tukey's test. (c) Mean ( ± SEM) number of non-reinforced responses on the active ('A') and inactive ('IA') lever during the last week of alcohol self-administration and during the final test session (the extinction/reinstatement session) is shown for the alcohol and control rats from the reinstatement group. The alcohol rats were trained to press the active lever for 8% ethanol and were reexposed to the alcohol self-administration context and discrete cues after 30-day abstinence. During the final session, alcohol was not available. The control animals were always exposed to the same stimuli but were never trained to lever press for any reward and had no access to alcohol. During the final test session, the animals were exposed for 30 min to the self-administration context. The alcohol-paired discrete cues were repeatedly presented in the last 10 min of the session. Note that non-reinforced responding on the previously active lever was limited to the alcohol/reinstatement rats ( À241C and kept in PBS with 0.05% Na 3 N and 0.05% NaF at 41C. For immunocytochemistry, the sections were washed 3 times for 6 min in Tris-buffered saline (TBS; 0.05 M Tris, 0.9% NaCl, pH 8.0). Endogenous peroxidase activity was quenched by washing in 10% methanol/1% H 2 O 2 in TBS. The cell membrane was permeabilized with 0.2% Triton X-100 in TBS for 15 min. After three washes for 6 min in TBS, the sections were incubated with the selective antibodies directed against c-Fos (sc-52; Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-c-Jun (P-c-Jun; #9621; Cell Signaling, Technology, Beverly, MA, USA), phospho-ERK1/2 (P-ERK1/2; #9102; Cell Signaling, Technology, Beverly, MA, USA), or phospho-JNK (P-JNK1/2; #9251; Cell Signaling, Technology). The dilutions and incubation conditions varied according to the primary antibody: c-Fos (1 : 500)Fovernight at 41C in TBS, P-c-Jun (1 : 100)Fovernight at 41C in TBS with 0.5% Triton X-100, P-ERK1/2 (1 : 400)Fovernight at 41C in TBS with 0.05% NaF, and P-JNK1/2 (1 : 100)Fovernight at 41C in TBS with 0.05% NaF. Activation of c-Jun was evaluated with the antibody selectively recognizing c-Jun protein phosphorylated at Ser73. The activation pattern of ERK1 and ERK2 was assessed with the antibody recognizing ERKs only when phosphorylated on the activator loop (Thr183/Tyr185) (Impey et al, 1999) . The activation pattern of JNK1 and JNK2 was assessed with the antibody recognizing JNKs only when activated, ie phosphorylated, at Thr183/Tyr185 (Impey et al, 1999) . After the incubation with the primary antibody, the sections were washed 3 times for 6 min in TBS and incubated with the secondary antibody (1 : 250, biotynylated anti-IgG antibody; Vector Laboratories, Burlingame, CA, USA) for 2 h at room temperature. After incubation with the secondary antibody, the sections were washed 3 times for 6 min in TBS and incubated with avidinbiotin horseradish peroxidase complex (1 : 500 in TBS; Vector Laboratories, Burlingame, CA, USA) for 1 h. The sections were washed 3 times for 6 min in TBS (0.25 M Tris; pH 7.5) and finally developed with 1 mg/ml diaminobenzidine/0.005% H 2 O 2 in TBS for 30 min. The sections were washed 3 times in TBS to stop the reaction. The sections were mounted on poly-lysine-covered slides (Sigma-Aldrich, St Louis, MI, USA), air-dried, dehydrated in ethanol solutions and xylene, and embedded in Entellan (Merck, Darmstadt, Germany). For each analyzed protein two runs of staining were performed. In each run, we included sections from the naive group and either the extinction or reinstatement groups. Photomicrograph of stained brain sections were taken with an Olympus DP50 digital camera (Olympus Optical Polska Sp. z o.o., Warsaw, Poland). The pictures were digitally sharpened before the analysis with Adobe in square inches. The density of the immuno-stained nuclei was counted according to the formula: the number of immuno-stained nuclei within the analyzed region/the area of the analyzed region (the whole structure of interest on the section) and expressed as arbitrary units of density. The number of the stained nuclei was automatically counted with the 'Threshold' function of the ImageJ software, which marks all pixels of chosen gray value and counts all groups of marked pixels (stained nuclei) within the selected area. To control the differences between the staining runs the number of immunopositive nuclei in the piriform cortex of the naive group was compared between the two runs of the staining (in this brain region c-Fos expression is relatively high even in naive animals). In general, we did not found significant differences between the naive groups in two staining runs and thus we did not recalculate the data for the other experimental groups to adjust to the hypothetical error of a staining run. Due to differences in staining intensity between different immunostainings (especially between P-c-Jun and P-ERK immunostaining), the values of the thresholded pixels were subjectively optimized separately for each immunostaining reaction to include all the visible nuclei. Therefore, it was not possible to compare the density of stained nuclei between the different immunostaining reactions (eg c-Fos within LaV vs P-ERK within LaV). Two to three sections per animal and per immunostaining reaction were taken from the brain region posterior to Bregma (around À2.56, À2.80, and À3.04 mm). The position of the amygdaloid complex was determined according to the atlas of the rat brain (Paxinos and Watson, 1998) (Figure 2a ).
Statistics
A mixed factor analysis of variance (ANOVA) with repeated measures on time followed by post hoc Tukey's test was used to analyze the animals' behavior (presses on the active and inactive lever).
Mean bilateral densities of stained nuclei from the regions of interest were analyzed. Two to three brain sections per animal per analyzed brain structures were used. A KruskalWallis ANOVA was performed to analyze the effect of experimental treatments on c-Fos expression within the amygdaloid nuclei. All experimental groups except for the nothing and naive group were included in this analysis. Mann-Whitney U-test with the sequential Bonferroni corrections for p-values (Quinn and Keough, 2002) was chosen for pair-wise comparisons of the groups. Spearman's R-test was employed to search for correlations between cFos expression and alcohol seeking in the final test session (for the alcohol groups). Lever pressing of the animals from the alcohol groups during the extinction or extinction/ reinstatement session was analyzed in 10-min-blocks (see Figure 1a -c). A probability level (p) less than 0.05 was considered significant. STATISTICA software package (StatSoft, Krakow, Poland) was used to analyze all data.
RESULTS
Behavioral Parameters
Rats were trained to self-administer 8% ethanol for 1 month (see Table 1 and Figure 1a for details). Numbers of presses Alcohol relapse activates amygdala K Radwanska et al averaged across the last week of the alcohol self-administration phase for the alcohol rats ranged from 43.2 to 100.0 presses per 30 min. In the same group, alcohol intakes ranged from 0.62 to 1.19 g/kg per 30 min. Numbers of presses on the inactive lever averaged across the last week of the self-administration phase ranged from 0.0 to 5.0 presses per 30 min. The control rats received no alcohol but were exposed to the same context and discrete cues as the alcohol animals. The control rats did not show any specific operant behavior (Figure 1b and c) .
After 30 days of abstinence, reexposure of the alcohol rats to the self-administration context was associated with vigorous non-reinforced responding on the previously active lever (Figure 1b and c) . These responses were observed mainly during the first 10 min of the final session. A total of 15 presentations of the discrete alcohol-paired stimulus complex (the reinstatement phase) reinstated responding on the active lever in the alcohol/reinstatement group (Figure 1c) . In all groups, responding on the inactive lever was marginal. As expected, the control groups did not show any consistent operant behavior and did not prefer the active lever.
Immunocytochemistry c-Fos expression. In the first experiment, we analyzed c-Fos expression within the seven nuclei of the amygdala after reexposure to the ethanol-associated context or context and discrete cues (Table 1) . c-Fos protein expression was evaluated 90 min from the onset of the extinction or extinction/reinstatement session. This time point was chosen as it corresponds to maximal expression of c-Fos protein (Herdegen and Leah, 1998) .
The densities of c-Fos immunopositive nuclei in the analyzed regions of the amygdala are shown in Table 2 . Almost no c-Fos immunopositive nuclei were found in the amygdala of the naive rats (Table 2 and Figure 2c ). The same was true for the nothing rats, ie the alcohol and control animals which were killed after 30 days of abstinence without being exposed to the Skinner boxes ( Table 2 ). The naive and nothing rats did not differ in term of c-Fos expression (all p-values40.05).
In the other experimental groups, which were reexposed to the Skinner boxes, c-Fos was activated within the LaV (the Kruskal-Wallis ANOVA: H(3) ¼ 12.22, po0.05), BLA (H(3) ¼ 13.10, po0.05), and CeC/L (H(3) ¼ 10.84, po0.05). c-Fos expression was increased in the alcohol/extinction group as compared to the control/extinction group in the LaV (po0.05) and BLA (po0.05). c-Fos expression in the alcohol/reinstatement group differed from that found in the control/reinstatement group within the LaV (po0.05), BLA (po0.01), and CeC/L (po0.05).
In comparison to the alcohol/extinction group, the reinstatement phase in the alcohol/reinstatement group increased c-Fos expression in the BLA (po0.05) and CeC/L (po0.05) ( Table 2 ). In agreement with c-Fos function as a transcription factor component, c-Fos immunostaining showed specific nuclear localization ( Figure 2b ).
Next, we tested the hypothesis that the distribution of c-Fos depends on the performance of operant behavior. In general, c-Fos expression did not correlate with alcohol-seeking behavior (active lever pressing) during the final test session in any of the analyzed nuclei. c-Fos expression in the CeM correlated with lever pressing of the alcohol rats during the second phase (11-20 min, Figure 1c ) of the final session (po0.01). 
LaD 0.6 ± 0.6 2.5 ± 1.6 6.4 ± 1.7 8.1 ± 2.3 4.3 ± 1.7 8.9 ± 2.6 MePD 0.6 ± 0.3 0.6 ± 0.6 15.4 ± 3.3 15.5 ± 3.8 20.9 ± 3.9 33.2 ± 3.5
Abbreviations: BLA, basolateral amygdaloid nucleus; BMP, basomedial amygdaloid nucleus, posterior part; CeC/L, central amygdaloid nucleus, lateral part, and capsular division; CeM, central amygdaloid nucleus, medial division; LaD, lateral amygdaloid nucleus, dorsal part; LaV, lateral amygdaloid nucleus, ventral part; MePD, posterodorsal part of the medial amygdaloid nucleus The alcohol rats were trained to lever-press for 8% ethanol. The control animals were always exposed to the same stimuli but were never trained to lever press for any reward and had no access to alcohol. The naive animals were always kept in their home cages and were only occasionally handled. During the final test session, the animals were exposed either to the alcohol self-administration context ('extinction') or context and alcohol-associated discrete cues ('reinstatement'). The rats were anesthetized and perfused 90 mins from the beginning of the final session. The nothing rats were anesthetized 90 mins after a brief handling. The control/nothing (n ¼ 3) and alcohol/nothing rats (n ¼ 3) were pooled.
Alcohol relapse activates amygdala K Radwanska et al c-Jun and regulators of the AP-1 complex activity. In the second experiment, we looked for the possible partners and regulators of c-Fos which could be activated by the alcoholpaired context and discrete cues. For this aim, we analyzed the activation/phosphorylation pattern of c-Jun. ERK1/2 and JNK1/2 have been shown to regulate c-fos expression Figure 2 Results of the second experiment in which possible partners and regulators of c-Fos were analyzed. The extinction/reinstatement session led to c-Fos, P-c-Jun, and P-extracellular signal-regulated kinases (ERK)1/2 expression in the amygdaloid nuclei. The alcohol rats were trained to lever press for 8% ethanol and exposed to the ethanol-related stimuli after 30-day abstinence. The final test session lasted 30 min and thus the animals were exposed for 30 min to alcohol self-administration context. For the last 10 min of the session the animals were exposed to alcohol-related discrete cues (see Figure 1a) . The control animals were always exposed to the same stimuli but were never trained to lever press for any reward and had no access to alcohol. The naive group was occasionally handled and left undisturbed in their home cages. The rats were killed 30 (for P-c-Jun and P-ERK1/2) or 90 min (for c-Fos) after the start of the final session or 30 or 90 min after the handling episode in the case of the naive animals. Alcohol relapse activates amygdala K Radwanska et al and c-Jun phosphorylation, respectively (Sgambato et al, 1998) . Given the above, we decided to assess the activation pattern of phosphorylated, ie activated, ERK1/2 and JNK1/2. c-Fos expression was the highest after reexposure to the alcohol-associated context and discrete cues (Table 2) . Thus, only the reinstatement groups (Table 1) were tested in the second experiment.
Phospho-c-Jun (P-c-Jun) expression: The activity of cJun protein as a transcription regulator is mainly regulated by its phosphorylated state (Hibi et al, 1993; Gupta et al, 1996; Sgambato et al, 1998; Valjent et al, 2000) . Thus, we analyzed the intensity of the phosphorylated form of c-Jun (Ser73). Due to a short half-life of the phosphorylated form of c-Jun, P-c-Jun immunostaining was analyzed in the amygdala immediately after the final test session.
The basal level of P-c-Jun (the naive group) was very low in all the analyzed nuclei of the amygdala (Figure 2d ). After the reinstatement session, P-c-Jun immunoreactivity was greater in rats from the alcohol group as compared to the control or naive animals in the LaV (po0.01), BLA (po0.05), BMP (po0.05), and CeC/L (po0.05) ( Figure 2d ). P-c-Jun immunostaining showed a specific nuclear localization (Figure 2b ).
Phospho-ERK1/2 (P-ERK1/2) expression:
To analyze the activation pattern of ERK1/2, we used immunostaining with an antibody detecting phosphorylated forms of ERK1 and ERK2 (Thr183/Tyr185). The P-ERK1/2 immunoreactivity was observed within nuclei of the cells, cell bodies as well as in neuropil (Figure 2e ). Since nuclear localization of activated ERK1/2 is believed to be associated with the control of gene expression (Valjent et al, 2000) , only immunostained cell nuclei were counted. The alcohol and control animals were killed immediately after the 30-min reinstatement session and the naive animals were anesthetized 30 min after the brief handling episode. This time point was chosen due to the very short half-life of the phosphorylated forms of ERKs (Valjent et al, 2000) .
The basal level of P-ERK1/2 expression, as observed in the naive group, was very low in most of the amygdaloid nuclei except for the CeA (Figure 2e ). The reinstatement session induced the increase in P-ERK1/2 immunoreactivity in the alcohol group as compared to the control or naive rats within LaV (po0.01) and BLA (po0.01).
Phospho-JNK (P-JNK) expression:
To investigate the activation of JNK1/2, we used immunostaining with antibody detecting phosphorylated forms of JNK1 and JNK2 (Thr183/Tyr185). P-JNK1/2 immunoreactivity was analyzed immediately after the final test session or 30 min after the short handling in the case of the naive group. The staining was observed in nuclei of the cells, cell bodies, and neuropil (Supplementary Figure 3) .
No P-JNK1/2 immunostaining was observed within LaV, LaD, BLA, BMP, and MePD in any of the experimental groups (data not shown). Only a few immunostained cells were found within CeC/L, CeM, and the piriform cortex (PirCx) (Supplementary Figure 3) but no differences between the experimental groups were observed (p40.05; data not shown).
DISCUSSION
The results of the present study confirmed the earlier observations that reexposure to drug-paired cues activates c-Fos protein expression in the amygdala. The main new findings of the present study are the following: (1) reexposure to the alcohol-paired context after 30-day abstinence activates the LaV and BLA as revealed by c-Fos immunostaining; (2) reexposure to the alcohol-paired context and discrete cues leads to stronger c-Fos expression in the BLA and CeC/L as compared to the presentation of the context stimuli alone; (3) reexposure to the alcoholpaired context and discrete cues activated c-Fos, c-Jun, and the ERK pathway in the LaV and BLA.
Pattern of c-Fos Activation in the Amygdala: A Role in Plasticity
In the present study, we used immunocytochemical mapping of c-Fos to identify possible loci of plastic changes induced by reexposure to alcohol-paired cues in the withinsession extinction/reinstatement procedure (Bienkowski et al, 2004) . The duration of abstinence was chosen on the basis of our previous observation that c-Fos expression in the prefrontal cortex and thalamus induced by reexposure to alcohol-paired cues was significantly higher after 30-day abstinence as compared to 24-h withdrawal (Wedzony et al, 2003) . Furthermore, we have shown that alcohol-seeking behavior (lever pressing in extinction) was higher after 30-day abstinence than after 24-h or 56-day withdrawal (Bienkowski et al, 2004) .
Following 30 days of operant oral alcohol self-administration and 30 days of imposed abstinence, the animals from the alcohol/extinction and alcohol/reinstatement group were reexposed to the Skinner boxes. Reexposure to the alcohol-paired context resulted in vigorous nonreinforced responding on the previously active lever which extinguished during the first 10 min of the final session. In the previous studies, we have shown that more than 80% of active lever presses were emitted during the first 10 min of the extinction/reinstatement session and that there was no recovery of ethanol seeking after the initial burst of responding (Bienkowski et al, 1999 (Bienkowski et al, , 2000 (Bienkowski et al, , 2004 . In the alcohol/reinstatement group, lever pressing was reinstated by the introduction of discrete alcohol-associated cues. In the previous studies, we have found that 15 non-contingent presentations of the alcohol-associated stimulus complex produced immediate reinstatement of alcohol-seeking behavior (eg Bienkowski et al, 2000) . In aggregate, our behavioral observations confirm that both alcohol-paired context and discrete cues may have incentive motivational properties for rats with alcohol self-administration history (McBride and Li, 1998; Le and Shaham, 2002; McBride et al, 2002) .
The immunocytochemical analysis indicated that reexposure to alcohol-paired discrete cues potently activated c-Fos expression in the BLA and CeC/L. Importantly, c-Fos expression within these nuclei did not correlate with alcohol-seeking behavior, ie the number of non-reinforced lever presses for alcohol. The latter finding suggests that c-Fos expression was activated by the presentation of alcohol-paired stimuli and not by the performance of operant behavior. Our observation of increased c-Fos expression in the BLA after reexposure to the alcoholpaired discrete cues is in agreement with earlier studies which showed that reexposure to cocaine-, amphetamine-, morphine-, or beer-associated context and discrete cues activated c-Fos in this brain region (Topple et al, 1998; Baker et al, 1999; Mead et al, 1999; Neisewander et al, 2000; Ciccocioppo et al, 2001; Harris and Aston-Jones, 2003) . Moreover, the BLA has been shown to be involved in context-and cue-induced relapse to drug-seeking, and to control the ability of environmental stimuli to form Pavlovian associations with reinforcing stimuli (Whitelaw et al, 1996; Meil and See, 1997; Kruzich and See, 2001; Shalev et al, 2003) . Taken together, these studies may indicate that activation of c-Fos expression in the BLA observed in the present study is related to the general role which this amygdaloid nucleus plays in the formation of current stimulus-value associations (Cardinal et al, 2002; see Knapska et al, 2007 for extensive review).
The role of the CeA in cue-induced relapse seems to be more controversial. It has been shown that cocaine-and alcohol-paired discrete cues did not activate c-Fos expression in the CeA (Neisewander et al, 2000; Ciccocioppo et al, 2001; Dayas et al, 2007; Zhao et al, 2006) . However, in the latter studies many extinction sessions were run prior to the final reinstatement session (a factor which could account for the discrepancies between the results of those studies and our data). On the other hand, exposure to amphetamine or morphine-paired context in the conditioned place preference paradigm (Mead et al, 1999; Harris and AstonJones, 2003) or presentation of heroin-paired cues (Koya et al, 2006) activated the CeA as far as c-Fos expression is concerned. Inhibition of the ERK pathway in the CeA decreased cocaine seeking after 30 days of abstinence (Lu et al, 2005) . Given the above, our data may suggest the CeC/L is a neural substrate of experimental alcohol craving induced by discrete cues.
The CeC/L was hypothesized to be involved in the attentional processes (Holland and Gallagher, 1993) . Thus, increased c-Fos expression in the CeC/L may be related to the well-known effect of drug-paired cues on addicts' attention and physiological state (Franken, 2003) . It is also worthy to note that dopaminergic fibers are more numerous in the BLA and CeA as compared to the MePD and BMP (Asan, 1998) . This could make the former nuclei more sensitive to dopamine released upon stimulation with drug-and alcohol-related context or discrete stimuli (Tran-Nguyen et al, 1998) .
Interestingly, c-Fos expression observed in the amygdala following reexposure to the alcohol-paired cues does not fully resemble the pattern of c-Fos activation after passive alcohol injections. In the latter case, the activation of the CeA was repeatedly observed (Chang et al, 1995; Ryabinin et al, 1997; Ryabinin and Wang, 1998) while the activation of the BLA was less clear (Bachtell et al, 1999; Ryabinin et al, 2000) . Importantly, our study raises the question as to whether the observed pattern of molecular alterations is specific to addictive reinforcers or could be generalized to natural rewards. In our previous paper, we have reported that reexposure to sucrose self-administration environment did not induce c-Fos expression in the amygdala (Wedzony et al, 2003) . Our observation is in agreement with the finding of Koya et al (2006) , who have shown no increase in c-fos mRNA in the BLA following presentation of sucrosepaired cues. On the other hand, Hamlin et al (2006) have found that exposure to sucrose self-administration context activated c-Fos in the BLA, and Lee et al (2005) have reported that presentation of visual stimuli paired with food may induce c-Fos expression in the CeA. This ambiguous pattern of c-Fos expression found by different researchers could be interpreted in the way that natural rewardassociated cues may induce c-Fos in the BLA and CeA but to a lesser extent then drug-associated cues. Accordingly, the level of c-Fos expression induced in the amygdala by reward-associated cues could indicate the addictive properties of primary reward. On the other hand, exposure to context cues associated with electric shock consistently induced c-Fos expression both in the BLA and CeA (Beck and Fibiger, 1995; Holahan and White, 2004; Scicli et al, 2004) . Thus, the most important factor which affects the pattern of c-Fos expression in the amygdala may be the motivational value of unconditioned stimulus but not its addictive properties.
Although c-Fos expression has been extensively studied in many models related to drug addiction, there are not many studies which describe concomitant activation of cFos partners in the AP-1 complex. In the present study, we showed for the first time that c-Jun protein can be activated concomitantly with c-Fos in some amygdaloid nuclei after reexposure to the alcohol-paired context and discrete cues. This observation may indicate that relapse to alcohol seeking leads to formation of the AP-1 transcription factor and regulation of some AP-1-dependent genes. Our findings may also suggest that the expression of c-Fos and activation of c-Jun may be co-regulated in the LaV, BLA, and CeC/L. Since the AP-1 transcription factor, with Fos and Jun components, is a known marker of neuronal plasticity (Kaczmarek and Chaudhuri, 1997; Rylski and Kaczmarek, 2004) , it is tempting to speculate that the LaV, BLA, and CeC/L are the loci of plastic changes associated with perception of discrete alcohol-related cues, and that the activation of AP-1 in these nuclei could be a critical molecular event in the adaptive responses to drug-related stimuli.
Regulation of c-Fos Expression and c-Jun Activation Induced by Alcohol-Paired Cues
It is known that c-Fos protein expression in the amygdala induced by cocaine-predictive cues depends on stimulation of dopamine D1 receptors (Ciccocioppo et al, 2001) . It can also be speculated that c-Fos expression induced by drugrelated cues is driven by ERK-dependent phosphorylation of Elk-1 and CREB transcription factors (Sgambato et al, 1998; Vanhoutte et al, 1999; Valjent et al, 2000) . c-Fos protein expression and the ERK pathway have been shown to be activated in the amygdala after reexposure to drugpaired stimuli (Neisewander et al, 2000; Lu et al, 2005) , what may suggest the involvement of ERK pathway in the regulation of c-Fos expression. However, there is also evidence that cocaine-induced c-Fos expression in the amygdala may not depend on the ERK pathway (Radwanska et al, 2005) . Other elements of the molecular cascade activated by drug-paired cues remain unknown. In the present study, c-Fos activation in the LaV and BLA after reexposure to the alcohol-associated stimuli followed the expression of the activated form of ERKs (P-ERK1/2) in the same nuclei. This finding suggests that, in the animal model of relapse to alcohol seeking, c-Fos expression in the LaV and BLA might be driven by the ERK pathway. Interestingly, in the CeA, we observed c-Fos activation after the extinction/reinstatement session, but no increase in the level of P-ERK1/2. The observed discrepancy probably arose due to a very high basal level of P-ERK1/2 in the CeA. This situation does not exclude the possibility that c-Fos expression in the CeA may also be driven by the ERK pathway.
Our findings strengthen the earlier notions that the ERK pathway is involved in the molecular basis of drug and alcohol addiction (Valjent et al, 2004; Girault et al, 2007) . The inhibition of ERKs in the amygdala has been reported to block the formation of long-term fear memory (Schafe et al, 2000) , memory reconsolidation (Duvarci et al, 2005) , and extinction (Herry et al, 2006) . Furthermore, Valjent et al (2006) have shown that inhibition of the ERK pathway prior to reexposure to cocaine-paired context blocked conditioned place preference on the following trial. Future studies will show whether inhibition of ERKs in the amygdala could also interfere with cue-induced alcohol seeking.
Interestingly, although P-c-Jun expression was observed in the amygdala after reexposure to the alcohol-paired stimuli, P-JNK, the main activator of c-Jun (Hibi et al, 1993; Gupta et al, 1996) was not expressed in the amygdaloid nuclei. On the other hand, P-c-Jun was co-expressed with P-ERK in the LaV and BLA of the alcohol rats reexposed to the alcohol-paired stimuli. Hence, one may hypothesize that in our model of cue-induced alcohol seeking it is rather the ERK pathway which is responsible for c-Jun activation in the amygdala. The above hypothesis needs further validation in future studies.
In conclusion, our results showed that the discrete alcohol-paired cues activated specifically c-Fos expression in the BLA and CeC/L. Furthermore, c-Fos expression in the BLA was associated with increased c-Jun and ERK phosphorylation. These findings may indicate that the BLA (and possibly the CeC/L) is specifically involved in alcohol-seeking behavior induced by discrete cues.
